Extracts of vegetative celis of Blastocladiella emersonii contain 5% or less of the cyclic AMP phosphodiesterase activity in zoospore extracts. This difference in activity could be accounted for entirely by an increase in the differential rate of phosphodiesterase synthesis during sporulation, beginning after a lag period of about 60 min and extending for at least an additional 90 min into the 4-h sporulation process. To emine the relation between enzyme synthesis and cyclic nucleotide metabolism, we determined the substrate specificity of phosphodiesterase synthesized during sporulation and partially purified from zoospores. Zoospore extracts contain two components, separable by gel filtration chromatography, with cyclic AMP phosphodiesterase activity. The Lovett (13).
The aquatic phycomycete Blastocladiella emersonii proliferates in a cell cycle consisting of alternating periods of growth, as a sessile, multinucleate vegetative cell, and quiescence, as a motile, uninucleate zoospore. These two stages of the cycle are separated by the transitional stages of sporulation, when vegetative cells differentiate and cleave into zoospores, and germination, when zoospores differentiate into vegetative cells. Both germination and sporulation are patterned responses elicited by changes in any of a variety of environmental variables; both involve extensive redirection of cellular resources from growth to maintenance or the reverse, depending on the transition (26) . Some of the morphological and metabolic events that comprise these responses have been reviewed by Lovett (13) .
The amounts of cyclic AMP And cyclic GMP at different stages of the cell cycle suggest that both of these compounds contribute to the regulation of Blastocladiella growth and morphogenesis (25) . Observations that the levels or activities of several enzymes of cyclic nucleotide metabolism and function are coupled to the cell t Present address: Department of Pharmacology, University of Texas Medical School, Houston, TX 77025. cycle support this view (16, 23, 33 ; P. Epstein and P. Silverman, Fed. Proc. 33:1476 ). However, the nature ofthe coupling mechanisms and the relation between the levels of these enzymes and cyclic nucleotide metabolism are not entirely understood.
Zoospores contain up to 20 times the cyclic AMP phosphodiesterase activity of the vegetative cells from which they are derived (16; P.
Epstein and P. Silverman, Fed. Proc. 33:1476 . Two observations indicate that the mechanisms regulating phosphodiesterase activity operate during the transitional stages of the cell cycle. First, enzyme activity is lost from zoospores early in germination (16) , possibly by degradation of the phosphodiesterase protein along with other zoospore proteins no longer required (12) . Second, cyclic AMP phosphodiesterase activity remains low in vegetative cells and increases again during sporulation (16; P. Epstein and P. Silverman, Fed. Proc. 33:1476 ). This increase was suggested to be the result of de novo synthesis of phosphodiesterase (P. Epstein and P. Silverman, Fed. Proc. 33:1476 ), but a study by Maia and Camargo (16) left some doubt as to how much of the difference in enzyme activity between zoo-969 spores and vegetative cells could be attributed to a real increase in enzyme activity and how much to morphogenetic events at the end of sporulation. In their study Maia and Camargo found the major increase in phosphodiesterase activity to occur during zoospore release (16) , when protein synthesis in newly formed zoospores should already have ceased (13) . They attributed the increase to preferential incorporation of cyclic AMP phosphodiesterase protein, as compared to total protein, into zoospores (16) .
The present studies were undertaken to de- (25, 32) . However, the substrate specificities of these enzymes have not been adequately characterized in view of the fact that the in vivo functions of cyclic nucleotide phosphodiesterases have had to be inferred from their in vitro kinetic properties (10, 18) . We show here that zoospores contain two components with cyclic AMP phosphodiesterase activity. Both of them exhibit virtually an absolute substrate specificity for cyclic AMP that derives from the inability of the enzymes to bind other cyclic nucleotides at their active sites. Hence, we identify these enzymes as cyclic AMP phosphodiesterases with regard to their cellular function.
MATERIALS AND METHODS
Preparation of extracts. Cells at different stages of the cell cycle were obtained as previously described (25) . The progress and synchrony of sporulation were monitored by the formation of a discharge papillum at the apical surface of sporulating cells or by the release of progeny zoospores (19) . Germination was assayed by formation of a germ tube (28) . Extracts were prepared by grinding frozen cells (0.6 to 1 g) with a ceramic mortar and pestle. The cells were kept frozen by addition of a small quantity of solid CO2. After the C02 sublimed and the cells began to thaw, they were extracted in 2 volumes of TM buffer, containing 50 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.8) and 5 mM 2-mercaptoethanol. Unbroken cells and debris were removed by centrifugation in the cold for 10 min at 10,000 x g. In some experiments extracts were dialyzed for 4 h in the cold against 1 liter of TM buffer with no loss of activity.
The method of extraction is important because we find that sonic disruption yields extracts with much lower cyclic AMP phosphodiesterase activity than does mechanical breakage. We believe this difference in extraction methods accounts for the different levels of activity reported by Maia and Camargo (16) and by Us. Assays. Cyclic AMP phosphodiesterase activity was measured routinely by a modification of the radiochemical, two-step assay of Brooker et al. (4 Substrate specificities were determined by paper chromatography of reaction products after prolonged incubation with the enzyme. Standard reaction mixtures contained 32 nmol of cyclic [3H]AMP (2, 220 cpm/nmol) or 19 nmol of cyclic [3H]GMP (7, 900 cpm/nmol) and 3.1 U of zoospore phosphodiesterase I or 4.6 U of phosphodiesterase II. Phosphodiesterases I and II were prepared from zoospores by gel filtration chromatography as described below, except that the final step was chromatography over Sephadex G75 instead of G100. Reaction mixtures were incubated for 970 EPSTEIN AND SILVERMAN to Whatman 3MM chromatography paper along with 50 to 100 nmol each of cyclic nucleotide, 5'-nucleotide, and nucleoside standards appropriate to each reaction mixture. These compounds were separated by descending chromatography for 18 h in a solvent system composed of 95% ethanol and 1 M ammonium acetate (7:3, by volume). Each chromatogram was cut into sections for assay in a scintillation counter. All of the radioactivity could be accounted for as one or more of the standard compounds lised above.
For cyclic AMP asays, frozen cells (0.15 to 0.2 g) were extracted in 1 ml of cold, 1 N acetic acid for 60 min, as previously described (25) . Acid-soluble fractions were lyophilized to dryness, the residues were dissolved in 0.1 ml of 50 mM sodium acetate buffer (pH 4.0), and cyclic AMP was measured at three levels over a fourfold concentration range as described by Gilman (8) .
Protein was measired as described by Lowry et al. (14) with bovine serum albumin as the standard. DNA was described by Giles and Myers (7) with calf thymus DNA as the standard.
Gel filtration chromatography. Zoospores were obtained by spontaneous sporulation on nutrient agar, filtered through Sargent 500 paper to remove vegetative cells and debris, concentrated by centrifugation at 2,500 x g for 5 min, and frozen at -70°C. The frozen cells (7.6 g) were ground to a fine powder in the presence of solid C02 and 10 unol of phenylmethylsulfonylfluoride. As the cells thawed, they were extracted with 15 ml of buffer A, which contains 50 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.8), 5 mM 2-mercaptoethanol, and 10 mM MgC12. The crude extract was fractionated by centrifugation in the cold at 10,000 x g for 10 min. The supernatant fluid was removed (S10; 21 Fig. 2 ) had a specific activity of 64 U/mg, and of phosphodiesterase I, 350 U/mg. Materials. Unless otherwise specified, materiaLs were as previously described (25, 27) 9.4 Zoospores were obtained by spontaneous sporulation on nutrient agar (27) . One portion of these cells was harvested by centrifugation, and the remainder was inoculated into synthetic growth medium. Germlings were harvested after 45 min at 270C. Ninety-five percent of these cells had a prominent germ tube. Vegetative cells were harvested 4.5 h later. Sporulating cells and zoospores were obtained in another experiment from vegetative cells grown as described above. The growth medium was exchanged for sporulation solution (28) , and samples were harvested 60 min The lag period preceding the increase in phosphodiesterase activity (Fig. 1) (Fig. 1) . Therefore, the increase in phosphodiesterase activity in the cell population requires continuous protein synthesis over an extended interval. This interval cannot be explained by population asynchrony, which can be estimated from the fraction of cells with a discharge papillum as a function of time (19) . Essentially all of the cells form a discharge papillum between 60 and 120 min after starvation, whereas enzyme accumulation, which begins at about the same time, extends at least to 160 min (Fig. 1) . These Our results also suggest that the enzyme has a low turnover rate in sporulating cells, since the amount of activity did not appreciably decrease for at least 60 min after addition of cycloheximide to inhibit further synthesis (Fig. 1) (12) . Both the increase in degradation rate (12) and the loss of phosphodiesterase activity (16) are insensitive to cycloheximide, which blocks late germination events (13, 27, 29) . A further decrease in specific activity during growth is attributable to accumulation of protein rather than to any further change in the amount of enzyme in the cells, which remains constant at about 20 U per 109 cells for at least the first 5 h of growth (Table 1) .
Substrate specificity of Blastocladiella cyclic AMP phosphodiesterase. Cyclic AMP phosphodiesterase was partially purified from zoospore extracts by differential centrifugation, ammonium sulfate fractionation, and gel filtration chromatography (Fig. 2) . The ammonium sulfate fraction contained two active components separable by Sephadex G100 chromatography ( Fig. 2A) . The larger phosphodiesterase I accounted for 20% of the activity applied to the column and the smaller phosphodiesterase II for 80%. Rechromatography of isolated fractions showed that each of the separated enzymes was essentially free of the other (Fig. 2B, C) . Phosphodiesterase I eluted from the column slightly ahead of bovine serum albumin (Mr = 68,000) added to the sample as a molecular weight marker, and phosphodiesterase II eluted at the same position as ovalbumin (Mr = 45,000).
We detect phosphodiesterase I only when the ammonium sulfate fraction is chromatographed (32) that 20% of the cyclic AMP phosphodiesterase activity in a zoospore 105,000 x g supernatant fraction was lost within 24 h at 40C, whereas the remaining 80% of the activity was stable for up to 8 days.
Zoospore cyclic AMP phosphodiesterases I and II, separated from each other as described above, were highly specific for cyclic AMP as substrate, as determined by paper chromatography of reaction mixtures containing enzyme and either cyclic [3H]AMP or cyclic [9H]GMP as substrate (see Materials and Methods for experimental details). Even after prolonged incubation, such that more than 99% of the cyclic AMP was hydrolyzed, more than 99% of the cyclic GMP was recovered. We estimate that the activity of zoospore phosphodiesterase I with cyclic AMP as substrate exceeds by at least 300-fold its activity with cyclic GMP. This is a minimal estimate, because a small amount of cyclic GMP hydrolysis that we observed may have been catalyzed by traces of a different enzyme specific for that nucleotide (32) . Phosphodiesterase II was at least 1,000 times more active with cyclic AMP than with cyclic GMP.
The substrate specificity of zoospore cyclic AMP phosphodiesterases derives at least in part from their low affinity for other cyclic nucleo A characteristic feature of the mechanism is that phosphodiesterase induction is preceded by an increase in total cellular cyclic AMP content (3, 6, 15, 21) . To determine whether or not this mechanism might operate during sporulation, (25) . Nevertheless, to make a comparison completely valid, we measured both parameters in samples of the same cell population. As shown (Fig. 3) , the cyclic AMP content of sporulating cells, about 1.1 pmol/Ag of DNA, was unaltered over the interval when cyclic AMP phosphodiesterase activity increased. This experiment, along with the previous results (25) , rules out a regulatory mechanism in which cyclic AMP phosphodiesterase is synthesized during sporulation in response to an elevated cyclic AMP content.
A striking implication of the experiment illustrated in Fig. 3 , along with the fact that cyclic AMP tums over during sporulation (25) , is that the relative rates of cyclic AMP synthesis and loss remain constant over an interval when phosphodiesterase activity increases more than 10-fold. As will be discussed, this could occur because of conditions which do not exist in vitro and which limit the rate of cyclic AMP hydrolysis in vivo; an example would be if substantial amounts of cellular cyclic AMP were not available for hydrolysis.
Finally, this experiment shows clearly that phosphodiesterase activity increases well before zoospore release and cannot therefore be ac- (9, 13, 27, 29) . Therefore, zoospore proteins not already present in vegetative cells must be synthesized during sporulation. Specific proteins may also be required for sporulation itself, for example in the formation ofa discharge papillum (19) or to provide biosynthetic intermediates in the absence of exogenous nutrients (12) . Second, the activities of cyclic AMP phosphodiesterase (see above), cyclic GMP phosphodiesterase (33), guanylate cyclase (23) , and alkaline phosphatase (22) all increase during sporulation following a lag period lasting about 60 min. This amount of time is required for protein synthesis to recover from starvation (13) , presumably as amino acid pools are restored by protein turnover, and would therefore be expected if enzyme activity were regulated by de novo protein synthesis. Finally, once it has begun, accumulation ofcyclic AMP phosphodiesterase activity within single cells requires continuous protein synthesis over an extended interval and most likely reflects synthesis of the phosphodiesterase protein itself.
We observe two zoospore components with cyclic AMP phosphodiesterase activity. Each of these has essentially an absolute substrate specificity for.that nucleotide; we could not detect a cyclic AMP phosphodiesterase from any Blastocladiella cell type with significant activity in the hydrolysis of cyclic GMP, in confirmation of previous reports (25, 32) , or of other cyclic 3',5'-mononucleotides. By this criterion, Blastocladiella enzymes assayed as cyclic AMP phosphodiesterases serve only that function in vivo.
The two zoospore components differ in their dimensions, as shown by gel filtration chromatography, and in their stability during storage. The relation between the two components has not, however, been established. They appear not to be the result of rapidly equilibrating species, since each can be prepared essentially free of the other. In view of their comparable substrate specificities, they may be related to each other by posttranslational modification ofa single gene product.
To (24) , is resistant to phosphodiesterase-catalyzed hydrolysis (5, 20) . Significant amounts of tissue cyclic AMP appear to be protein bound, though exact amounts are difficult to quantitate with present methods (11, 30, 31 (24) . Hence, the dynamics of cyclic AMP metabolism in Blastocladiella and presumably the cellular reactions governed by cyclic AMP appear to undergo substantial changes that are not reflected in the total amount of cyclic AMP in the cell.
